This paper will investigate a novel thermally actuated micro-shutter design for micro-optical-electro-mechanical system (MOEMS) applications. The use of actuators in optical systems has improved with new developments in micro-electromechanical systems (MEMS) designs for use as components in optical systems. Thermal actuators provide a novel approach to scaling MOEMS to reduce size, weight and power of optical systems. Through the investigation of an aluminum electro-thermal actuator, we developed an in-house fabrication method which operates at less than one volt to aid in reducing the size, weight, and power of the optical system. This paper discusses several challenges and opportunities that may arise from the fabrication of thermally actuated micro-shutter designs which can help improve the actuator's uniformity, reproducibility, and reliability. In addition, we discuss the characterization of the thermal actuator micro-shutter to include mechanical, electrical and optical properties. The "switching" speed of the thermal actuator will also be assessed from a scaling perspective to determine usability.
INTRODUCTION
A significant amount of research is being conducted on micro-shutters for micro-optical-electro-mechanical system (MOEMS) applications as they play a key role in optical systems. Micro-shutters can be either aperture stops or field stops in an optical system. The fabrication of electro-thermal micro-shutters for optical systems is the primary focus of our current research. MOEMS based micro-shutters allow for the reduction in size, weight and power which are all important parameters for optical systems. Through the use of micro-shutters, test engineers have the ability to tailor key performance parameters such as: 1) the ability to generate different optical patterns, 2) operational speed, 3) overall transparency of the micro-shutter component, and 4) the lifetime performance 1 . The electrothermal micro-shutter investigated in this research is a novel approach to provide a key component for future MOEMS applications.
The electrothermal micro-shutter L-Edit design layout is shown in Figure 1 (a) with an accompanying final pre-released fabricated device shown in Figure 1 (b). As illustrated in Figure 1 , the electrothermal micro-shutters are segmented into four identical components each consisting of a quarter of the optical aperture with an accompanying electro-thermal single hot arm actuator. There are several other actuation mechanisms which were investigated in previous work such as chevron thermal actuators and electrostatic actuators. In an attempt to minimize the voltage requirements for device operation in addition to producing true in-plane displacement, a single hot arm thermal actuator was selected as this device provides the necessary in-plane lateral displacement necessary to open and close the micro-shutter aperture in the optical path. One significant advantage of using a single hot arm electro-thermal actuator to operate this device is the desire to produce a relatively large displacement of 8-10 μm while maintaining fairly low power consumption. Using metals commonly found in microelectronic fabrication, we developed a method to fabricate the electro-thermal actuators needed for the micro-shutters. 
MOEMS ACTUATION TECHNIQUES
An actuator is defined as a device that coverts energy from one form, such as electrical or thermal, into a mechanical energy. An ideal actuator would be very efficient in converting this energy. It would require very small amounts of input stimulus, and would provide a relatively large amount of output in terms of motion and force. Unfortunately, the ideal is not usually a reality; numerous energy-loss mechanisms, such as thermal convection or impedance-induced losses, play a role in the conversion efficiency. Often, normally negligible effects of these loss mechanisms on the macro scale become much more significant on the micro scale, making the ideal actuator an impossible feat. Therefore, commonly used MEMS-scale actuation techniques must be evaluated and selected to support our micro-shutter application.
Electrostatic actuation
Generally, the most common actuation scheme used in MEMS is electrostatic actuation. This actuation technique is utilized as a switching drive to pull-in an electrical contact. The basic principle of operation uses Coulomb attractive forces of separated charges to overcome mechanical restorative forces of the structure in which it is being applied. Figure 2 (a) shows a generic force diagram of a basic electrostatic actuator in the form of a parallel plate capacitor where the two primary forces acting on this device are the restoring force, which is generally geometry and material dependant, and the electrostatic forces which are governed by Coulomb's law. As a voltage is applied to the plates as shown in Figure 2 (a), positive and negative charges collect on the plates. This separation of charges creates an electrostatic force between the two plates which is balanced by the mechanical restoring force as the plates displace. When the electrostatic force overcomes the mechanical restoring force of the device, the plates rapidly move together.
Electrostatic devices are generally simple to construct and typically have very quick and repeatable response times given that once the potential is removed, the electrostatic force rapidly drops to zero, allowing the restoring force to return the device to its initial position. However, a major drawback of these actuators is that they generally require high voltages in order to overcome the restorative forces of the MEMS structures. Additionally, the amount of mechanical displacement in these devices is restricted to the distance between the plates which is usually only a few microns. Furthermore, the amount of force generated with these high-voltage devices is typically very small and limits the mechanisms that can be physically moved using this form of actuation. The pull-in voltage (V pi ) for an electrostatically actuated micro-shutter could be calculated using the following expression .
In equation one, k z is the system spring constant, A is surface area, ε o is the permittivity of free space and z o is the initial gap. Together, these parameters relate the required voltage to the electrostatic actuation.
As illustrated in Figure 3 Electro-thermal actuators operate based upon thermal expansion properties of materials used to fabricate the MEMS devices. In principle, as a current is passed through a MEMS conductor, Joule heating causes the material of the conductor to increase in temperature. As the material of the beam heats up, the thermal expansion of the material causes the beam to elongate. Figure 2 (b) depicts this elongation effect of a MEMS beam and can be described by the equation
Electro-thermal actuation
In equation two, L new is the new beam length; L 0 is the initial beam length; α L is the coefficient of linear thermal expansion; T avg is the average final temperature of the beam; and, T 0 is the initial temperature before current flow 4 . The change in beam length can be utilized in various configurations to create mechanical displacements in MEMS devices.
One type of electro-thermal actuator often used is the bi-morph configuration; this device uses the difference in thermal expansion between two different materials to create a deflection. Different geometrical configurations can also be used to create deflection by varying the cross-sectional dimensions of the various beams, thereby changing the temperatures. The different temperatures create different changes in length which, in turn, can be used to create deflections. A major disadvantage of electrothermal devices is the much slower actuation response times and power requirements. Once the applied voltage is removed, these devices must cool using thermal conduction and convection. Given the operational attributes of these devices, they tend to be highly suited for the physical movement of larger MEMS objects; however, they are very poor when high repetition and speed is required. Since high speed and repetition were not key design concerns for the micro-shutter device, the electrothermal actuation mechanism was selected as our actuation method for the micro-shutter device. Several different electrothermal actuation schemes to include bent-beam actuators and single and double hot arm actuators were thoroughly evaluated for proper design implementation. From these electrothermal actuation mechanisms, several design configurations were designed, fabricated and tested to determine feasibility for the micro-shutter design.
Bent-Beam Thermal Actuator
The first electrothermal actuator evaluated is the bent-beam thermal actuator (or chevron actuator) which operates on the principle of thermal expansion caused by Joule heating. A modified version of the chevron thermal actuator was fabricated and tested as shown in Figure 3 (c). As illustrated in Figure 3 (c), following the release of the modified chevron actuator device, the structure collapsed onto the substrate due to the low Young's modulus of aluminum even though dimples were incorporated into the design to minimize the effects of stiction. After reevaluating this design, we did no further fabrication or testing as this design would not give us the proper lateral displacement necessary to open and close our micro-shutter design. We initially selected the chevron electrothermal actuator design as one of the primary advantages of using a bent-beam actuator is that it produces an in-plane linear motion which would generally be ideal. The in-plane linear motion is accomplished by configuring the actuator as shown in Figure 4 . Previous work had shown the angle θ , and the beam length are considered key design parameters in establishing the displacement direction of the device's apex; the pre-bent angle establishes a force component in the desired direction reducing the probability of outof-plane deflection 4, 8, 9 . 
Single Hot-Arm Electro-Thermal Actuator
A second commonly used electrothermal actuator mechanism (shown in Figure 5 (a)) is the single hot-arm electrothermal actuator which operates on the principle that the thinner "hot-arm" will expand much faster with greater displacement than its larger "cold-arm," thus creating a lateral deflection. A key advantage of these devices is that they can generally produce displacements greater than 15 μm with input voltages less than 20 volts 4, 6, 7 . These devices can also generate a significant force that can be applied to other devices, usually from 10 to 20 μN for polysilicon based structures .
The single hot-arm electro-thermal actuator shown in Figure 5(a) is anchored to the substrate by two anchors. These anchors act as the power and ground electrodes providing current to the device. An applied current travels through the hot-arm returning to ground via the cold-arm and flexure. The relatively small cross-section of the hot-arm, compared to the cold-arm, generates a significant difference in the amount of thermal expansion created by Joule heating in the two arms due to the larger current density in the hot-arm. The hot-arm expands much more than the cold-arm, creating a moment on the cold-arm about the ground anchor which results in the unanchored end of the device displacing in an arch-like motion 6, 7 . The flexure of the device creates a restoring force that counters the applied force at the end of the device; when power to the electrodes is removed, the device returns to its original position, allowing the device to be used repeatedly. The force is proportional to the linear deflection and, therefore, is also increased 6, 7 with an increase in applied voltage. In the single hot-arm device, the current return path shown in Figure 5 (a) is through the cold-arm which actually counters the deflection of the device slightly by elongating the flexure via Joule heating; this problem is eliminated in the double hot-arm device. From the current flow through the actuator shown in Figure 5 (a), one can formulate the resistance, R (Ω), in terms of length and cross-sectional area as
In equation three, ρ is the material's resistivity, L is the length of the conductor, and A is the cross-sectional area of the conductor. From Equation (3), one can easily see that as the area is decreased and the length increased, the resistance of the conductor is increased. From Ohm's Law in which V = IR, as the resistance is increased, the current (I) will decrease for the same applied voltage (V). The reduction in current will slow the amount of Joule heating in the conductor contributing to thermal expansion, thus requiring increased voltages to achieve the same deflections found in the single arm device.
PRINCIPLE OF OPERATION
The micro-shutter as shown in Figure 1 is a circular aperture divided into four quadrants. Each micro-shutter consists of a hot arm and a cold arm electrode, an aperture, and accompanying bias contact pads. The hot arm and cold arm electrodes make up the thermal actuator for the micro-shutter. The electrodes and aperture are suspended above the substrate by using dimples to enable movement and minimize stiction effects. The layout editor in MEMS Pro (L-Edit) was used to create the mask designs for device fabrication.
The basic operation of the micro-shutter is simple. A voltage is applied between the two electrodes creating a current flow through the hot and cold arms in the actuator. Joule heating causes the hot arm to increase in length and displaces the micro-shutter laterally, out of the optical path. The peak displacement in a single hot arm electrothermal actuator is greatest at the end of the electrode where the hot and cold arms are attached. The aperture of the micro-shutter is positioned at the end of the electrode to obtain maximum lateral displacement. As the voltages increases, the amount of joule heating increases and causes greater aperture displacement. The lateral displacement of the thermal actuator causes the micro-shutter to open, allowing light to propagate through the open area to the substrate. The peak displacement is a function of the material's properties, thermal heating, and dissipation. Material properties that dominate the design parameters of the micro-shutter are thermal conductivity, and the coefficient of thermal expansion. Table 1 provides the thermal and mechanical properties of several materials commonly used in microelectronic fabrication. The thermal properties are collected from bulk materials and should serve only as a reference 2 . Once the applied voltage is removed, the aperture will return to its original position, blocking the light transmission until a bias voltage is reapplied across the contact pads. Two primary advantages of using an electrothermal actuation method are 1) produces a large range of lateral movement, and 2) exhibits a small actuator footprint for comparable displacement 2 . The primary disadvantages as stated earlier are the power consumption used to generate the ohmic heating and the response time 2 . From Figure 1 , the micro-shutter layout is optimized for maximum displacement at low voltage as the range of motion is determined by the applied voltage. The foot print of the actuator is governed by the physical size of the micro-shutter and the required displacement of the aperture for light transmission. Within this research effort, we focused on four different sizes of micro-shutters, all designed identically with two different attachment locations of the aperture to the electrode. The concepts behind thermal actuators have been researched for several years and generally put into one of two categories, bimorph and single material actuators. Our research presented here is based on single material actuators. This research investigates the ability to fabricate micro-shutters with materials commonly used in integrated circuit manufacturing, determine any potential obstacles related to the modeling and fabrication of the micro-shutters, and identify possible improvement to the micro-shutter design.
MICRO-SHUTTER FABRICATION
The fabrication of the micro-shutter uses standard photolithography and etching techniques followed by subsequent metal depositions. The creation and expected applications for the micro-shutter places some constraints on the design and fabrication of the device to include the transparency in the visible range which required fused silica and quartz substrates for the base wafer. The transparent substrate allows optical testing in the visible and near infrared. The first process step in developing the micro-shutter is to define the sacrificial layer. A sacrificial layer of resist is applied and patterned on the substrate using photolithography and associate developer. The resist defines the area under the microshutter and the location of the dimples in the aperture and cold arm of the electrode. The second process step defines the dimples in the sacrificial layer. The dimples are obtained by exposing the resist to deep ultraviolet radiation followed by developing in a wet chemical developer. The dimple depths are determined by the dose of the deep ultraviolet radiation and the exposure time. In this research, the dimple depth was set to be half of the resist thickness (0.5 μm). The third process step defines the contact pads, the electrodes, and the aperture which are all formed by an evaporated metal process. The diameter of the aperture of the micro-shutters ranged from 100 μm to 400 μm. The electrodes varied with respect to the size of the overall micro-shutter. The hot arm for the smallest micro-shutter had the following design dimensions: length of 150 μm, width of 3 μm, and a thickness of 2 μm. The associated cold arm had dimensions: length of 150 μm, width of 20 μm, and a thickness of 2 μm. The area of the dimples in the aperture is 16 μm 2 . Because the micro-shutter is composed of commonly used metals found in integrated circuit manufacturing, we concentrated on aluminum as the structural layer. Aluminum has a higher coefficient of thermal expansion which is necessary to operate the device when current is applied. Aluminum is typically used for interconnects, ohmic contacts, and other applications in integrated circuit fabrication. Other benefits of aluminum is that it can serve as a reflective surface for many optical applications in addition to low levels of stress incorporated into the actuator, and electrodes during fabrication.
The final process step involves removing the sacrificial layer and drying the devices in a critical point dryer. The final process step is commonly referred to as releasing the device. To release the micro-shutter, the resist is stripped in a bath of Shipley's 1165 starting at room temperature and slowly ramped up to 125 C for 30 minutes. Following the 1165 resist strip, the wafer is cycled through a series of four 30 sec isopropyl alcohol soaks to remove the 1165 stripper and aid in stiction prevention. The isopropyl baths are followed by four 30 sec methyl alcohol soaks to remove residual isopropyl alcohol and ready the wafer for critical point drying with carbon dioxide. The soaking and the critical point drying help reduce stiction. Figure 6 provides a detailed illustration of all fabrication steps necessary to produce the micro-shutters.
After releasing the micro-shutters, the devices were ready for testing. Initial testing consisted of applying a DC bias to the contact pads to see if the electrothermal actuator operates correctly. The DC bias sends a current through the contact pads into the hot arm electrode through the aperture and back through the cold arm electrode. CoventorWare 2008 was used to model the effect of the joule heating on the electrodes and aperture. The model helps to simulate the effect of the DC biasing and actuation. From measuring the actuators under DC bias, the current limit of the devices are less than 150 mA. If the current limit is exceeded, the actuator will heat up and burn out due to the generated power. 
FABRICATION
The fabrication processes for the micro-shutter was conducted at the AFRL, Sensor Directorate, Wright-Patterson AFB, Ohio. The following section summarizes the fabrication and testing results. Figure 7 shows scanning electron microscopic (SEM) images of the micro-shutters at two critical stages in the fabrication process. Figure 7 (a) is an SEM image captured at the fabrication point directly before the sacrificial release step. The fabrication of the micro-shutters was met with one unique issue. Due to the low Young's modulus of elasticity of aluminum, a thin metal layer was not rigid enough to support the micro-shutter structure. During initial fabrication runs, the Al was evaporated to be approximately 1 μm. Following the sacrificial release and critical point dry, the devices were evaluated and assessed under an SEM. The aluminum appeared to be too malleable to support the micro-shutter and collapsed to the substrate. As shown in Figure 8 , the electrodes and apertures adhered to the substrate, thus no movement was possible during testing. In order to overcome aluminum's low Young's modulus problem with the thin aluminum films, we increased the thickness to 2 μm of evaporated aluminum. The increase in aluminum thickness provides a more rigid micro-shutter structure. With the added thickness, we were able to obtain micro-shutter structures which were free standing and capable of experimental testing.
Figure 8
Initial fabrication results resulted in structural collapse as shown in (a) and (b) where device is stuck to the substrate due to the aluminum being too thin (1 μm), (c) aluminum thickness increased by 0.5 μm. As illustrated, several sections of the micro-shutter are now free-standing due to the increased thickness.
DEVICE TESTING
The testing consisted of biasing the devices with a DC voltage to see how far the electrothermal actuators could displace the aperture. The micro-shutters were fabricated at different sizes ranging from 100 μm to 400 μm. The testing conducted on the 200 μm, 300 μm and 400 μm diameter micro-shutters failed as the devices adhered to the surface during the release process. In order to correct this adherence, due to stiction, with the large micro-shutters, two design improvements are recommended: 1) increase the number of dimples to reduce the spacing between the dimples, and 2) further increase the thickness of the aluminum metal.
The 100 μm diameter micro-shutters operated as designed under DC biasing as shown in Figure 9 . Initially applying a voltage of 1.3 VDC will generate enough joule heating to actuate the small quarter aperture as shown in Figure 9 (a). At a bias of 1.3 VDC, the current was measured to be 90 mA using a current meter. After the initial movement, the required voltage necessary to move the micro-shutter to the previous displacement location reduced to around 0.9 VDC. This is due to an initial adherence of the dimples to the underlying substrate that the actuator has to overcome. In an effort to find the maximum operating voltage and current the actuator could withstand, we increased the voltage until the device catastrophically failed due to the hot arm burning out as shown in Figure 9 (c). The peak voltage and current levels observed during testing were at 120 mA, the hot arm begins to become plastically deformed. By increasing the voltage further, we reached a maximum of 2 VDC before the hot arm burns out completely.
In addition to testing the micro-shutter designs, we fabricated a variety of hot arm thermal actuators without the aperture attached. The largest actuator has a length of 240 μm, width of 3 μm, and a thickness of 2 μm. We applied a DC bias to the actuator and it began to move with only 0.5 VDC of voltage and 38 mA of current. Increasing the voltage to 1 VDC caused the current to increase to 68 mA. At 1.5 VDC, the hot arm of the actuator began to deform and show early stages of burnout on the surface of the metal. 
CONCLUSIONS
The novel approach to thermally actuate micro-shutter designs for MOEMS applications has been demonstrated with this research. The micro-shutter provides an approach to scale down the components necessary for many optical applications. Fabricating the micro-shutter devices was completed through standard integrated circuit fabrication methods. Testing has proven that the devices can move with a minimal applied voltage of 0.9 VDC, which was a key requirement for our initial designs. The main emphasis for future research will be on methods to improve the way the micro-shutter is elevated above the substrate. Also, an investigation into increasing the size of the micro-shutter beyond the 100 μm diameter with a less malleable material will be another future research endeavor.
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